Abstract-Oxide vertical cavity surface emitting lasers (VCSELs) have been known to have a premature failure mode when operated in the presence of atmospheric water vapor, due to corrosion failure. However, information on the precise chain of failure has not previously been available. In this paper, we start by showing the field failure results in a large particle-physics application with 6,000 deployed channels. Next, evidence is shown for the chain of failure between the previously observed oxide aperture tip cracking and delamination, and how that appears to cause dark-line defect networks in the GaAs active region beneath the aperture. In addition, we show how corrosion can be monitored through spectral width narrowing and discuss other symptoms of corrosion-based degradation that show up hundreds or thousands of hours before the rapid failure takes place. Finally, possible ways of preventing corrosion-based failure are discussed.
I. INTRODUCTION
V ERTICAL cavity surface emitting lasers (VCSELs) have been used for short reach fiber optic links for the past 15 years. The large majority of VCSELs used incorporate an oxide aperture [1] , which provides both current confinement and optical index guiding to stabilize the mode. Oxide aperture VCSELs have largely replaced the earlier proton-implanted VCSELs due to better modal stability and lower jitter at data transmission speeds above 2 Gbps. However, it has long been recognized that oxide VCSELs can have vulnerability to delamination between the oxidized layer and the semiconductor layers [2] - [6] . Furthermore, oxide VCSELs are known to be vulnerable to exposure to water vapor [7] - [9] , in ways that could result in catastrophic failure during what might be a normal deployment lifetime of 10 years or less. To address this shortcoming, most oxide VCSELs use a dielectric barrier layer to cover the VCSEL, and block the ingress of water vapor into the device. This can prevent the failure of the majority of devices, but pinholes in the barrier layer could make some fraction vulnerable to moisture [10] .
Two major changes make the study of this issue more relevant now than it was in the past decade. First is the increased usage of non-hermetic parts. Most communications applications in the past have involved VCSELs packaged in hermetic cans purged in dry nitrogen. However, most parallel optics, as well as low-cost non-hermetic transceivers have the device covered only in a plastic cap. Such caps are not effective in blocking moisture ingress. The second major change underway is the increase in temperatures and humidities of next-generation data centers to reduce cooling costs [11] - [13] , often including the use of evaporative cooling. This will reduce the time to failure of the weak subpopulation. These two changes, in addition to the increased scale of integration, make understanding corrosion-based failure of greater interest.
II. DESCRIPTION OF TESTED SYSTEM
Our work was motivated by premature data link failures [14] . These occurred in the data communications links in the ATLAS detector [15] , which is part of CERN's Large Hadron Collider (LHC). Our design has approximately 6,000 channels to carry Timing, Trigger and Control data from the counting room to the front end electronics inside the ATLAS detector. There are a similar number of data channels for the data read out but in this case the VCSELs operate in a dry nitrogen atmosphere and have not suffered from a high failure rate. The data links use a custom design with 1 × 12 VCSEL arrays, as shown below in Fig. 1 . It operates at a relatively low speed of 40 Mbps per channel, due to a legacy design. VCSELs were covered with approximately 50 µm of clear epoxy to provide mechanical and environmental protection, as shown below in Fig. 2 .
The initial system used oxide aperture VCSELs with no protective dielectric barrier layer to prevent moisture ingress, and suffered from premature failure. This system was replaced with a similar one with the original VCSELs replaced with VCSELs having dielectric encapsulation.
III. OBSERVED FAILURE STATISTICS
The original unencapsulated VCSELs started showing rapid failure after approximately 5,000 hours of deployment in the ATLAS detector. After the failure rate reached several percent, 0018-9197 © 2013 IEEE the decision was made to replace the original VCSELs with VCSELs that included a dielectric barrier layer. To date, this second design has shown a lower (but still unacceptable) failure rate that is two orders of magnitude above the manufacturer's prediction or a normal expected system reliability performance. The results are summarized below in Fig. 3 .
The distribution fitted parameters are shown below in Table I. A reliability test matrix was performed to measure the humidity and thermal dependence of time to degradation [9] , and develop a model. The model, similar to earlier work by Herrick and also by Osenbach [8] , [16] , used an Arrhenius model for temperature, and an inverse exponential for relative humidity. The fitting parameters were 0.53 eV and 0.036% −1 , respectively [9] . Based on the expected median time to failure of 11 years for the original parts, the observed median time to failure of 2.5 years fell short of expectations. In the discussion later, we will bring up one possible explanation for this involving the effects of combined corrosion and mechanical stresses.
The question had been raised as to whether swelling from water absorption was what caused the cracking. This was answered earlier, and replicated again in our work, by repeating our previous tests [8] , [9] , whereby a sample of 31 devices was first stored in 85°C/85% R.H. conditions for 1,100 hours, and then aged at 85°C, 6 mA in a dry oven for an additional 1,000 hours, with no failures. (This is from a design that would fail in a median time of 550 hours of biased 85/85). It appears evident, therefore, that degradation requires the simultaneous presence of humidity and bias to proceed. It appears the corrosion is electrochemical (perhaps galvanic) in nature.
IV. MICROSCOPY RESULTS/FAILURE ANALYSIS
The most powerful tool for studying semiconductor laser failure is transmission electron microscopy (TEM) [17] , [18] . In fact, it is often the only tool that can give the true root cause of laser failure. We studied over a dozen samples, and For the failure statistics from the 2 populations studied, as well as the expected results. The distributions refer only to the results over the first few years, and ignore wearout expected after 20+ years of normal operation at these temperatures. "T 10 " refers to the expected time to 10% failure, in years. * FITs is a measure of failure rates of ppb/hr or ppm/khr or failure rate × 10 9 hr −1 . discuss three of them in the sections below. The first two were taken from an array that had operated for about a year in the ATLAS detector before having one channel fail. In addition to the failed channel, a neighboring channel that had not failed was also examined. We also studied a "partially-degraded" sample in both plan view and cross section.
A. Working VCSEL Operated 1 Year in the ATLAS Chamber
The VCSEL shown below had operated about one year in normal service in the ATLAS room (∼24°C, 40% R.H., 6 mA). This emitter (channel 8) had not yet failed, yet it showed many unusual features, including a contrast band 1/4-µm wide around the oxide aperture, and rings near the oxide aperture edge that we believe are due to cracking. Please see Fig. 4 . In addition, some small dislocation features were observed at various places along the aperture, as can be seen in Fig. 5 . The circular features look somewhat familiar from Mathes's work with HBM ESD [19] , so the cracking that takes place here may be similar to that for overheating in ESD. Other features seen here, such as the star-shaped dislocations and the contrast band, were not seen in the ESD, and other features seen in the ESD, such as thermal banding, and extensive melting in the cross section TEM, at both the oxide aperture and the quantum well, are not seen here. Features such as this have not been reported previously, although not much plan view TEM work has previously been done on VCSELs with corrosion failure.
B. Failed VCSEL Operated 1 Year in the ATLAS Chamber
Channel 10 from the same 1 × 12 array was examined with cross-sectional TEM; this emitter had catastrophically failed before being removed from service. As expected with devices having failed due to corrosion, dark line defects (DLDs) terminated laser emission. On other units where plan view TEM has been performed, a characteristic DLD array (looking like a "lace pattern") has been seen [7] , but extracting the root cause is difficult due to the large number of features visible. In this case, we prepared only the cross sectional TEM (Fig. 6) . We see the expected dark line defect network in the active region, as well as some unusual dislocations that appear to come out of the area near the oxide aperture tip. It is likely that the cracking at the oxide aperture tip may cause defects that propagate down into the active region; when they cross the active region, they nucleate the dark-line defect network [20] .
C. Partially-Degraded VCSEL
In past work [21] , we have observed that parts aged in high humidity fail so abruptly that it is nearly impossible to catch them part way through the degradation process with regularlyspaced periodic checks. However, we have observed that aging the parts in the same humidity chambers at very low currents will result in a modest extension of the time to failure, but a drastic reduction in DLD growth rate [9] . For this reason, we set out to create "partially-degraded" VCSELs, where darkline defects covered no more than 10% of the emitting area by using much lower aging currents. It was hoped by doing this, we could get a relatively clean sample, where the point of origin for the failures was clear.
We aged an array in a humidity chamber (70°C, 85% R.H.) for 49 days with a 1mA bias, which is considerably lower than the normal 5 or 6 mA bias we usually use for such aging. After failing to observe the expected degradation on any channel after that extended aging, we aged the array for another 9 days at 6 mA, checking the part approximately every 24 hours. Measurements at this point showed one channel with a power drop of 26%. Electroluminescence (EL) imaging showed that approximately 4% of the area was dark, as seen in Fig. 7 .
Having obtained what appeared to be a partially-degraded sample meeting our desired criteria, we had the sample prepared for plan view TEM, as seen in Fig. 8 . This did not show the expected DLD "lace" pattern in the dark area at the lower left. It was expected that this pattern would begin growing nearly immediately once the line dislocation crossed the active region, based on observation of intentionally ESD damaged VCSELs. (We are calling these "line dislocations," but do not know the precise defect structure; they may technically be "slip" or "glide" dislocations.) It is not clear whether the nucleation of DLD networks is slower than the <10 minutes anticipated, or if we were just fortunate to have removed the part shortly after the dislocations crossed the active region. An additional difference between Fig. 4 and Fig. 8 is notable: the cracks along the aperture edge that were observed in the actual fielded parts are absent in the parts with accelerated aging. One possible explanation is that at high temperatures inside the 70°C/85% RH chamber, the epoxy covering on the VCSELs is far softer, and doesn't apply the high stress that is seen at room temperature or low temperature [22] .
To study the height of the dislocations observed in Fig. 8 , a precision cross section was taken [18] , [20] , with a width of ∼1.8 µm. Cross sectional TEM images were taken, and then additional thinning was performed, and additional images were taken. A tracing of where the cross section was taken, and what dislocations were observed, is shown in Fig. 9 . Fig. 10 shows the TEM of the thicker sample, and Fig. 11 shows the TEM after additional thinning.
It had long been known that cracking was much more likely to occur in oxide VCSELs exposed to moisture [7] , and increased stress and/or reduced layer adhesion strength at the oxide tip was thought to occur as a normal part of the corrosion process. Also, based on other TEM work with devices with DLD networks in the active region [20] , it was thought that line dislocations probably traveled down from the oxide aperture to the active region below, and started the DLD network when the line dislocation crossed the active region. However, this is the first time that the connection between the two has been definitively shown in the literature. The dislocations travel up before looping down. It is possible that the initial cracks started propagating toward the surface while following stress contours, but that the force from the "current wind" pushed them downward in the later propagation. TEM studies in the past have shown that the line dislocations tend to travel in the direction of current flow [23] , [24] .
An additional observation is that the oxide has delaminated toward the left of the sample (see the middle left of Figs. 9 and 10). This is consistent with the observation of cracking: the corrosion process appears to weaken the interface between the oxide and the semiconductor. Such delamination is not normally observed on TEM samples aged in dry environments.
V. CHANGES IN DEVICE PERFORMANCE BEFORE FAILURE
Previous work has shown that failure due to humidity occurs, apparently fairly abruptly, due to rapid growth of climb dislocation networks (also known as "dark line defects" or DLDs) [7] . Before that failure occurs, a number of telltale changes take place to the VCSEL, and studying these changes can be very useful in terms of understanding what internal changes are likely happening prior to failure.
The change we have studied most carefully has been the reduction in spectral width of the VCSELs, which we have found to be a useful indicator of the amount of corrosion damage that has occurred to the VCSEL. Fresh VCSELs show a spectral width of approximately 2 nm. However, if they are aged unprotected in air with water vapor, the spectral width will gradually drop over the course of a little more than a year before stabilizing at a reduced width of 1 nm or even less. Sample spectra before and after are shown in Fig. 12 . A graph showing the change over time is shown in Fig. 13 . VCSELs with dielectric encapsulation to prevent moisture ingress, or VCSELs aged in dry nitrogen, show relatively little change in spectral width, as we would expect if this were primarily driven by corrosion.
Other changes have also been observed in past work, including slight increases in threshold current of up to 5-10% prior Fig. 12 . Spectrum of a new VCSEL (upper trace, in red) and one aged >1 year (lower trace, in blue) at room temperature shows that the aged VCSEL has a significantly reduced spectral width. Fig. 13 . Graph of spectral width versus deployed time shows that VCSELs aged in air often show a drop of 50% or more in spectral width during the aging process. Each data point is an average of the spectral widths of the 12 VCSELs in the array. to failure, and changes in modal behavior in both nearfield and farfield [21] . We believe the spectral mode narrowing is occurring due to a reduction in the number of supported lasing modes -the devices are going from a highly multimode device to one supporting a smaller number of modes. This is shown schematically in Fig. 14 , and in Two factors cause the reduction in linewidth and number of modes. Increased absorption and scattering around the oxide perimeter inhibits higher order mode lasing. It is also possible that a stronger index guide reduces the fundamental mode diameter. These same factors cause the subtle changes in performance (increased threshold, reduced slope efficiency, etc.) that exceed what would otherwise be expected during normal aging at mild conditions.
VI. DISCUSSION
We have shown how the corrosion that takes place in the oxide aperture can lead to delamination at the oxidesemiconductor interface. This interface has long been recognized as a "weak spot" in oxide aperture VCSELs, although most of the concern has previously been focused on delamination through thermal shock [1] - [4] , [6] . Xie et al. had shown that gross cracking occurred in a significant percentage of oxide VCSELs exposed to moisture [7] . (Note that this isn't observed on proton implanted VCSELs or VCSELs without an oxide aperture under similar stresses.)
We repeated an experiment on these VCSELs earlier performed by Herrick et al. [8] . Ordinarily, our unprotected oxide aperture VCSELs would fail at a median time of 350 hours of biased 85°C/85% R.H. exposure with 5 mA of bias [9] . We hypothesized that the corrosion and cracking could take place by exposing the parts to humidity in an 85/85 chamber. Then, by aging the parts in a dry 85°C chamber at 5 mA, it was thought that the line dislocations could grow out, and start the DLD (dislocation growth). However, in spite of aging 31 devices for 1,100 hours at 85/85, followed by over 1,000 hours of dry aging, no failures were observed. This appears to show that the corrosion process is galvanic in nature, and requires a bias to occur. The past work by Herrick has shown that failure times are extended by only a factor of 2× when reducing the bias current from 5 mA to 0.5 mA [8] .
Our failure, with a median time to failure of only 2.3 years, falls quite a bit short of the projected 11 years we expected based on an acceleration model we were able to create through a matrix of test cells [9] . One explanation for the discrepancy is that in the presence of corrosion, stress from the epoxy on top of the device can accelerate failure [22] . Note that in the absence of water vapor, or with encapsulated VCSELs, the epoxy appears to have no deleterious effects on reliability [9] . It should also be noted that the corrosion-based failures observed by many parties, both published ( [7] , [8] ) and unpublished, occur in the absence of epoxy stress.
VCSELs with dielectric encapsulation to exclude water vapor have been shown to resist corrosion for thousands of hours of 85/85 stress [7] , and with virtually all acceleration models, this means the majority of the population should be free of corrosion concerns. The primary corrosion concern, as mentioned earlier, is that a subpopulation of devices might have gaps in the dielectric barrier, perhaps due to issues like pinholes in the nitride, or incomplete coverage on undercut mirror layers. Many remedies are evident, including building hermetic enclosures for the laser where it is cost-effective (including either traditional metal and glass cans, or waferscale packages made of silicon) [25] . Where this is not costeffective, process development to create a near-pinhole-free dielectric barrier layer, or even wafer scale screening for pinholes [10] , may give the desired level of reliability. Finally, any design where moisture may play a role can maximize lifetime by tapering of the oxidation layer transition to mirror layers, to give a gradual transition [6] . Additional measures that have been known to reduce delamination are also helpful, as discussed earlier [2] - [4] , and include steps such as limiting the thermal ramp rate during processing.
VII. CONCLUSION
In this paper, we have shown the mechanism for corrosionbased failure in oxide aperture VCSELs. Cracks near the tip of the oxide aperture cause the line dislocations seen in other contexts [5] , [20] , which in turn causes the growth of climb dislocations (DLDs) in the active region (1/3rd of a µm below the oxide layer). Oxide VCSELs often show some signs of corrosion prior to failure through spectral narrowing, which proved to be an effective way of monitoring the degradation of our VCSELs, even long before they showed any power drop.
Two factors cause the reduction in linewidth and number of modes. First, losses from both scattering and absorption increase losses around the perimeter, also causing the preferred mode to move further away from the edge. Second, the cracking and corrosion create larger index discontinuities, and therefore a stronger index guide than the original design. These same factors cause the subtle changes in performance (increased threshold, reduced slope efficiency, etc.) that exceed what would otherwise be expected during normal aging at mild conditions.
